Double network (DN) gels are anomalously robust but soft and wet materials, whose maximum stress in compression reaches 30MPa and surface friction coefficient reaches 0.001 simultaneously. The DN gels also have shock absorbency, permeability, and biocompatibility. Thus it is expected that the DN gels will be applied to artificial joints, artificial cartilages, and artificial blood vessels. In this study we focused on both high transparency and large transformation of the DN gels, and we tried to develop novel optical devices. Our purpose is to apply it to a deformable lens system. Indeed, we succeed to make an artificial gel lens, which is nontoxic and have biocompatibility. The value of strain of the gel lens can achieve more than 2, and Young's moduli of our two kinds of DN gels show 0.45MPa and 0.46 10 -1 MPa, which is enough higher than human lens. We will realize further miniaturization and simplification of various optical products containing the gel lens.
Introduction
Living body consists of a soft tissue containing much water [1] . While the water contents of vitreous body and crystalline lens are 99% and 66%, they provide clear image without break under compression stress. At the present, artificial intraocular lens used in substitution is harder than natural crystalline lens, and difficult to be deformed. It sometime causes many problems, such as, the difficulty of the adjustment of focus distance, the accumulation of proteins, and secondary cataract. The artificial lens in eyes has been already developed by silicone, however it does not have material permeability unlike the crystalline lens. Therefore the biocompatibility such as material permeability, water permeability, and low friction of the artificial lens should be improved.
In this study, we try to develop optical devices containing much water and being very soft. Here, we use a new type of high-strength hydrogels, named Double Network (DN) gels [2, 3] , which have a similar structure and similar characteristics to living tissues [4, 5] . The DN gel is made of the two components. One is the first network gel, which is hard and brittle gel, and the other is the second network gel, which is soft and ductile gel. In this study, the first network gel is synthesized from two kinds of electrolyte monomers, such as p-styrenesulfonic acid sodium salt (NaSS) and 2-acrylamido-2-methyl-1-propane sulfonic acid sodium salt (NaAMPS) (50wt.% solution in water), and the first network gel is gelled by N,N'-methylenbisacrylamide (MBAA) crosslinker and α-ketoglutaric acid (α-keto) initiator. The second network gel is synthesized from a neutral monomer, dimethylacrylamide (DMAAm), also with MBAA and α-keto. NaSS and NaAMPS have good biocompatibility, which means nontoxic due to their sodium-form of chemical structure. Indeed, DN gels are used as test beds for cell culture [6] . DMAAm is convenient to be used due to its high reactivity in gelation and good ductility. Besides, these DN gels achieve material permeability, water permeability, and low friction.
Experimental

Synthesis of DN gel sheets
NaSS (Wako Pure Chemical Industries Ltd., Japan) and NaAMPS (SIGMA-ALDRICH CHEMIE GmbH, Japan) were used to prepare the 1st network gels. DMAAm (TOKYO CHEMICAL INDUSTRY CO., LTD., Japan) was used to prepare the 2nd network gels.
MBAA (Wako Pure Chemical Industries Ltd., Japan) was used as crosslinker. α-keto (Wako Pure Chemical Industries Ltd., Japan) was used as photo initiator. For the preparation of the 1st gels, the monomer concentration in aqueous pregel solution was fixed at 1M, and the crosslinker and initiator concentrations were 4mol% and 0.01mol%. The solution was stirred well and the bubbling of nitrogen gas was performed for several tens minutes to remove oxygen gas from the solution. Then, the solution was poured into the parallel-glasses mold, which sandwiched a silicone spacer of 2mm in thickness between two pieces of glass plates, and it was irradiated by UV lamp (the peak of wavelength is 365nm) for about 9 hours, and then a 1st gel sheet was prepared. For the preparation of the 2nd gels, the monomer concentration in pregel aqueous solution was 1M, and the crosslinker and initiator concentration were 0.02mol% and 0.1mol%. The solution was stirred well and the nitrogen bubbling was performed. Then the 1st gel sheet was soaked in this 2nd solution for more than two days, and it was swelled enough. The fully swollen 1st gel sheet was inserted between two pieces of glass plates, and was sealed. It was irradiated by UV lamp for about 9 hours, and then a DN gel sheet was prepared. The DN gel sheet was soaked in a large quantity of pure water for more than three days. The water was changed several times to get rid of the residual chemicals from the DN gel sheet and to be swollen in an equilibrium state. The samples were named NaAMPS-DN and NaSS-DN gels, where the former means that the 1st gels were made from NaAMPS monomer and the latter means made from NaSS. For both, DMAAm monomer was used for the 2nd gels.
Transparency test
For the evaluation of the transparency of gel sheets, the specimens for compression tests were used, which have 2.5mm in thickness and 20.5mm in diameter. For NaAMPS-DN and NaSS-DN gel sheets, the simple test pattern with a letter of "画" (which is the Chinese character of "image") was used to observe the letter through the gel sheets.
Pulling and compression tests
For NaAMPS-DN and NaSS-DN gels, their mechanical properties were evaluated by pulling and compression tests. The sample for the pulling test was stamped out with a die of dumbbell type (6251 JIS K pulling No. 8 models) to be 4.70mm in thickness. The sample for the compression test was stamped out with a die of cylinder being 5.50mm in inner diameter to be 4.70mm in height. The testing machine (STA-1150, ORIENTEC Co., LTD, Japan) was used for both the tests, and a load cell of 50N was used for the pulling test, and a load cell of 500N was used for the compression test. The experimental results were plotted by nom
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Here it is noted that for the pulling tests of soft materials as the gels several problems should be considered. The distance between the zippers is not exact for the large deformation. Here we neglect it since the maximum strain becomes very large values, which can be compered for both the DN gels. The value of strain showing in Figure. 3 is nominal strain. The outbreak of crack sometimes starts from the zipped part, however it did not happen frequently. Figure 4 shows the stress-strain diagram determined by the compression test. In Figure  4 , the stress was decreasing when the strain became larger, which means the compression fracture was happen. Thus, the peak point just before the decreasing of the stress is determined as the maximum stress. For both the DN gels, the breaking stress was over 10MPa. It is enough strength for the artificial crystalline lens. Comparing both the DN gels, the NaAMPS-DN gels show the higher breaking stress than the NaSS-DN gels, which is the similar to the results of the tensile test.
For the practical use of the gels for the lens, the deformation does not become so high, that is, the value more than 2 as a breaking strain is quite enough. Thus we consider the NaAMPS-DN gels are suitable for the lens due to their higher breaking stresses. 
Fabrication of the DN gel lens and its evaluation
As above-mentioned, the NaAMPS-DN gel lens looks more suitable for the lens. Thus we choose the NaAMPS-DN gels to prepare a test lens. Figure 5 shows the appearance of the test DN lens. Here we used plano-concave lens of 30mm in diameter for the 2nd Nominal Strain [-] (b) gelation. The DN gel lens became 73mm in diameter by swelling after the 2nd gelation. This expansion is somewhat large. It is possible to change the preparation condition of the DN gels to control the expansion by swelling.
The refraction test of the lens was performed as shown in Figures 6 and 7 . To visualize the light path of the laser beam, the steam form the boiled water was used. In actual, the DN gel lens was placed above the boiled water and then the refraction test was performed. The laser beam goes straight through the center part of the lens. It implies that the lens has a uniform structure and does not cause the distortion. The laser beam bends at acentric part of the lens. It implies that the lens made from the DN gels also has a good optical power and we can develop optical devices by using the swollen gels as photonic materials. 
Conclusion
For the two kind of the DN gels having biocompatibility, NaSS-DN and NaAMPS-DN gels, the applicability for artificial crystalline gels was investigated. Both the DN gels have the sufficient mechanical strength for the crystalline lens. By optical tests, it was found that the NaAMPS-DN gels are suitable for optical devices. We tried to make a lens from the NaAMPS-DN gel and showed that the lens has a good optical power.
